ABSTRACT: We report the synthesis and characterization of 10 novel polyamides containing the benzo-18-crown-6 subunit and its dipodal counterpart, along with their properties, and a comparison with homologous polyamides bearing benzo-12-crown-4, benzo-15-crown-5, and the corresponding dipodal systems. The anomalous polymerization of some of the diacid monomers, that leads to insoluble gels under standard Yamazaki polymerization conditions, is described. The gel formation has been attributed to the threading of cyclic oligoamides with a growing polyamide chain to yield rotaxanes, polyrotaxanes, catenanes, or polycatenanes. Polyamide macrocycles have been characterized with matrix-assisted laser desorption/ionization time-of-flight mass spectrometry. A route to avoid gel formation, consisting of a lower initial monomer concentration, is also described, along with the polymer properties of the polyamides obtained, including the chemical characterization, mechanical behavior, water sorption, morphology, diffusion data, and permeability of membranes prepared with these polymers.
INTRODUCTION
Mankind has ever tried to mimic Nature for commercial or scientific purposes, and hostguest chemistry is only one example of this phenomenon. The ability of biological molecules, such as porphyrins and valinomycin, to selectively bind cations has particularly attracted the attention of researchers.
From a chemical point of view, the lone pairs of the ether groups of chemical products can interact intermolecularly or intramolecularly with electrondeficient atoms or chemical groups, resulting in the overall stabilization of the system. The interaction of the ether groups with cations through ion-dipole interactions is particularly favored when various ether groups are regularly located in an aliphatic cycle structure in the so-called crown ethers. Thus, the crown ethers or coronands are cyclic polyoxapolymethylene structures, in which the constitution of the commonest crown ethers is the oligooxyethylene sequences. The ability of these structures to selectively interact with cations through ion-dipole interactions has attracted the attention of researchers since its discovery by Charles J. Pedersen.
1,2
The open-chain counterparts of the crown ethers are called podands, or podal structures, and are acyclic host molecular structures with binding sites for guest molecules. 3 The present and future technological applications of crown ethers and podands include the sensing and manufacture of ion-selective electrodes; the development of liquid membranes or supported liquid membranes employing the selective transport capabilities of these molecules; the production of selective extraction systems of chemicals for purification, recovery, or decontamination; and the production of catalysts for organic and inorganic reactions.
However, discrete crown or podand compounds lack chemical stability, need physical support for most applications, migrate and can be extracted from this support, and are soluble in most organic and inorganic solvents; this complicates their separation and recovery. However, the preparation of polymers with crown or podand moieties chemically anchored to a polymer backbone solves these problems.
On the basis of these considerations, it would seem that high-performance aromatic polyamide backbones, along with pendant dipodal or crown moieties, are excellent candidates for advanced technological application under extreme conditions, such as cation sensing and waste recovery of cations through a reversible and reusable solidliquid extraction technology, for cation membrane transport applications for purification or recovery, and for synthetic purposes.
In previous articles, 4, 5 we reported the synthesis and characterization of new aromatic polyamides bearing benzo-12-crown-4, benzo-15-crown-15, and their dipodal counterparts as pendant substructures. In this work, we extend that study to polyamides containing pendant moieties of benzo-18-crown-6 and their dipodal counterparts.
This work describes the tendency of the higher ring-membered crown ether and podand monomers to give insoluble gels during polymerization because of the high propensity to yield cyclic systems and thus to give a network though cycle threading to finally produce rotaxanes, polyrotaxanes, catenanes, and polycatenanes.
This gel formation has been overcome by the modification of the polymerization conditions. Thus, soluble polyamides with pendant crown of podand moieties have been obtained, and the thermal, mechanical, and transport properties, along with the water sorption, have been studied and correlated with the chemical structure of the structural unit, with a focus on the pendant crown ether subunits and their dipodal counterpart moieties.
In addition, the thermal or mechanical properties, together with the water uptake, have been studied and correlated with the chemical structure for polyamides with pendant benzo-12-crown-4, benzo-15-crown-5, benzo-18-crown-6, and their dipodal counterparts. Moreover, we have analyzed the morphology and permeability of membranes prepared with these polymers and also report water sorption and diffusion data.
EXPERIMENTAL Materials
All materials and solvents were commercially available and were used as received, unless otherwise indicated. N-Methyl-2-pyrrolidone (NMP) was vacuum-distilled twice over phosphorous pentoxide and then stored over 4-Å molecular sieves. Lithium chloride was dried at 400 8C for 12 h before use. Triphenylphosphite (TPP) was vacuum-distilled twice over calcium hydride and then stored over 4-Å molecular sieves. Pyridine was dried under reflux over sodium hydroxide for 24 h and distilled over 4-Å molecular sieves. m-Phenylenediamine (MPD), pphenylenediamine (PPD), 4,4 0 -diaminediphenyl sulfone (DDS), and 4,4 0 -diaminediphenyl ether (DDE) were commercially available and were purified by double-vacuum sublimation. 2,2-Bis(4-aminobenzo)-1,1,1,3,3,3-hexafluoropropane (6F) was crystallized from ethanol. The synthesis of 1,14-dichloro-3,6,9,12-tetraoxatetradecane, 1-chloro-3,6, 9-trioxaundecane, and ethyl 3,4-dihydroxybenzoate was accomplished according to the procedures previously described. 6 Intermediates and Monomers
4-Ethoxycarbonyl-benzo-18-crown-6
A 1-L flask fitted with a condenser and a mechanical stirrer was charged with 500 mL of dimethylformamide (DMF) and potassium carbonate (33.4 g, 240 mmol). Upon stirring and heating to 150 8C, a mixture of ethyl 3,4-dihydroxybenzoate (20.0 g, 110 mmol) and 1,14-dichloro-3,6,9,12-tetraoxatetradecane (30.2 g, 110 mmol) was dropped slowly into the reaction flask. After that, the system was maintained at 150 8C for 24 h. The solvent was then removed, and the crude product that was obtained was extracted with dichloromethane. The organic phase was washed twice with alkaline water, vacuum-concentrated to dryness, and finally extracted with boiling hexane. Upon the cooling of the hexane solution, white crystals of 4-ethoxycarbonyl-benzo-18-crown-6 were obtained. The extraction procedure with hexane was repeated until no more crystals were obtained upon the cooling of the organic phase.
Yield: 19.0 g (45% (17) .
Ethyl 3,4-Bis-(2-(2-(2-ethoxyethoxy)ethoxy) ethoxy)benzoate
This compound was prepared in a manner similar to that for 4-ethoxycarbonyl-benzo-18-crown-6 from ethyl 3,4-dihydroxybenzoate (20.0 g, 110 mmol), 1-chloro-3,6,9-trioxaundecane (43.2 g, 220 mmol), potassium carbonate (37.9 g, 275 mmol), and DMF (250 mL). However, the crude product was not extracted with hexane but was employed directly in the next synthetic step without further purification.
Yield: 52.5 g (95% 
4-Carboxybenzo-18-crown-6
A 1-L, round-bottom flask fitted with a condenser was charged with 4-ethoxycarbonyl-benzo-18-crown-6 (28.8 g, 75 mmol), ethanol (150 mL), and a solution of sodium hydroxide in water (150 mL, 25%). The mixture was then refluxed for 6 h, after which the solvent was removed in vacuo. The crude product was dissolved in 100 mL of water, and the mixture was acidified to pH 3 with hydrochloric acid (HCl) and extracted with dichloromethane. The organic phase was concentrated on a rotary evaporator, and a white solid appeared. The product was collected and dried overnight.
Yield: 23.0 g (86%). mp: 111 6 1 8C. 4-Chlorocarbonyl-benzo-18-crown-6 (28.1 g, 75 mmol) was poured over a solution of 13.6 g (75 mmol) of 5-aminoisophthalic acid in 70 mL of dimethylacetamide (DMA) under a blanket of nitrogen. The mixture was stirred for 30 min at room temperature, and then it was heated at 60 8C for 3 h. After cooling to room temperature, the mixture was slowly poured into 500 mL of distilled water, and a pale yellow precipitate was formed. The product was filtered off and dried at 50 8C. Finally, it was purified by solution/precipitation in DMA/water (four times).
Yield (20) .
5-[3,4-Bis-(2-(2-(2-ethoxyethoxy)ethoxy) ethoxy)benzoylamino]isophthalic Acid
This compound was prepared and purified in a manner similar to that for 4-(3 0 ,5 0 -dicarboxyfenilaminocarbonyl)benzo-18-crown-6 from 3,4-bis-(2-(2-(2-ethoxyethoxy)ethoxy)ethoxy)benzoylchloride (24.6 g, 50 mmol) and a solution of 9.1 g (50 mmol) of 5-aminoisophthalic acid in 65 mL of DMA.
Yield The overall synthetic steps for the monomers are shown in Schemes 1 and 2.
Polymer Synthesis
A typical polymerization reaction is described. In a 50-mL, three-necked flask fitted with a mechanical stirrer, 10 mmol of diamine, 10 mmol of diacid, and 1.4 g of lithium chloride were dissolved in a mixture of 6 mL of pyridine, 22 mmol of TPP, and 20 mL of NMP. The solution was stirred and heated at 110 8C under a dry nitrogen blanket for 4 h. As an insoluble gel was obtained under these conditions, the reaction was repeated with a higher NMP content, the quantities of the other chemicals being maintained, until a viscous solution was obtained. Then, the system was cooled at room temperature, and the solution was precipitated in 300 mL of methanol to render a swollen, fibrous precipitate. The obtained polymer was filtered off and washed with distilled water and acetone. Then, it was Soxhlet-extracted with acetone for 24 h and dried in a vacuum oven at 80 8C overnight. The yields were quantitative for all the polymers.
Polymers derived from 4-(3
5-[3,4-bis-(2-ethoxyethoxy)benzoylamino] isophthalic acid (P4), and 5-[3,4-bis-(2-(2-ethoxy) ethoxy)benzoylamino]isophthalic acid monomer (P6) have been described previously. 4, 5 The polymer structures and acronyms are depicted in Scheme 3.
Measurements and Instrumentation

H and
13 C NMR spectra were recorded with a Varian Inova 400 spectrometer operating at 399.92 and 100.57 MHz, respectively, with CDCl 3 or DMSO-d 6 as the solvent.
EI-LRMS spectra were obtained at 70 eV on an Agilent 6890N mass spectrometer. High-resolution mass spectrometry was carried out on a Micromass AutoSpect Waters mass spectrometer.
Fourier transform infrared (FTIR) spectra were recorded with a Nicolet Impact spectrometer.
Elemental analyses were performed on a Leco CHNS-932 microanalyzer.
The inherent viscosities were measured with an Ubbelohde viscometer at 25 6 0.1 8C with NMP as a solvent at a 0.5 g/dL concentration.
Differential scanning calorimetry (DSC) data were recorded on a PerkinElmer Pyris I analyzer from a 10-mg sample under a nitrogen atmosphere at a scanning rate of 20 8C/min. Thermogravimetric analysis (TGA) data were recorded under a nitrogen or oxygen atmosphere on a Mettler-Toledo TGA\SBTA851 analyzer from a 5-mg sample at a scanning rate of 10 8C/min.
The polymer solubility was determined by the mixing of 10 mg with 1 mL of the solvent, followed by stirring for 24 h at room temperature.
Polymer films were prepared by the evaporation of cast solutions in DMA. In most cases, a concentration of 10% by polymer weight was used, and the solvent was eliminated through heating at 100 8C for 4 h in an air-circulating oven and then at 120 8C for 4 h in vacuo (1 mmHg). To determine the tensile properties of the polymers, strips (5 mm wide and 30 mm long) were cut from polymer films 30-100 lm thick and tested on an MTS Synergie 200 universal testing dynamometer at 20 8C. Mechanical clamps were used, and an extension rate of 5 mm/min was applied with a gauge length of 10 mm. At least six samples were tested for each polymer, and the data was then averaged out. The degrees of crystallinity of the polymer films were evaluated with a Philips X-Pert X-ray diffractometer operating at 40 kV with Co as a radiation source and a graphite filter. The scans were obtained with a scan step size of 0.0258 and a scan step time of 0.5A The morphologies of the polymer films, previously coated with a gold film, were analyzed by scanning electron microscopy (SEM) with a JEOL model 5310 scanning microscope operating under a low vacuum at 20 kV.
Water sorption measurements were determined gravimetrically at room temperature.
Powdered polymeric samples of about 300 mg, previously dried at 120 8C for 24 over phosphorus pentoxide, were placed in a closed box containing a saturated aqueous solution of NaNO 2 at 20 8C, which provided a relative humidity of 65%. The samples were periodically weighed over a period of 24 h and were then allowed to remain in contact with this atmosphere for a further 8 days until they had equilibrated with their surroundings and presented no further changes in weight.
The matrix-assisted laser desorption/ionization time-of-flight mass spectrometry (MALDI-TOF) mass spectra were recorded with a Brucker Biflex III in the reflectron mode. A nitrogen laser with a wavelength of 337 nm was used for irradiation together with an acceleration voltage of 20 kV. The irradiation targets were prepared with dithranol as the matrix and potassium trifluoroacetate as the dopant. The samples were dissolved in a mixture of chloroform and trifluoroethanol (1/1).
The permeability of the HCl solutions was measured with a previously reported system. 7 This consisted of two 250-mL cells filled with a surfactant solution (A) and water (B). These were connected by two 7-mm-radius horizontal tubes, with the polymer membrane sealed, with silicone, between these two tubes. Control experiments were performed to ensure that there was no silicone in the permeation area and that mass transport occurred only at the polymer-solution interface. To prevent any contribution from the hydrostatic pressure to the mass flux, cell A was filled with 200 mL of the HCl solution, and the other cell was filled with 200 mL of water. The change in the ionic solute concentration in cell B was determined during the permeability experiment by the measurement of the electrical conductivity with a YSI 3200 instrument. This was calibrated before each experiment with at least five freshly prepared solutions of HCl with different concentrations. These were prepared by dilutions from a concentrated HCl solution (32% from Riedel de-Hä en). The accurate concentrations were obtained by volumetric titration with sodium tetraborate (Sigma-Aldrich; 99%). The same conditions were used for calibration and permeability experiments. A constant temperature (60.1 8C) was maintained by the immersion of the system in a thermostat bath (Multistirrer 6, Velp Scientifica). Solutions in both cells were stirred at about 200 rpm to reduce the Nernst layer in the membrane-solution interface and to increase the reproducibility of the conductivity sensor.
The permeability of ionic solutes through the polymeric membranes can be described in terms of mutual diffusion with boundary and initial conditions [C(0,t) ¼ C, C(l,t) ¼ 0, and C(x,0) ¼ 0 (where C is the HCl concentration in the membrane)]:
This results in simple formulas for the calculation of the permeability coefficient (P) and diffusion coefficient (D):
where l is the thickness of the polymeric membrane measured after each experiment at 25 8C with a Helias micrometer (60.001 mm), J is the steady-state flux through the membrane, h is the time lag, and c is the bulk HCl concentration. The structures of the polymers described here are shown in Scheme 3, and the polymerization conditions, inherent viscosities, and elemental analyses are given in Table 1 . As an illustrative example, Figure 1 shows the chemical characterization of polymer C6DDE. The polymers derived from C6 and P8 diacid monomers were synthesized according to the method described by Yamazaki et al., 8 but with differences in the initial diamine and diacid concentrations (i.e., 0.5 mol of each monomer/L of NMP under standard conditions). In all the polymers derived from C6 and P6, the initial diamine and diacid concentration was lower than 0.5 M. When an initial diamine and diacid concentration of 0.5 M was employed, insoluble gels were obtained. The initial diamine and diacid concentration was therefore reduced to obtain soluble polymers with higher inherent viscosities. Data for the relationship between the inherent viscosities and initial diamine and diacid concentration is depicted in Figure 2 for polyamides with pendant crown ether moieties.
RESULTS AND DISCUSSION
The tendencies to give polyamide gels under standard Yamazaki conditions were also observed in all the polyamides derived from C5 and some of the polymers derived from P6 diacid monomers, but not in the polymers derived from C4 and P4. 4, 5 Thus, the propensity to produce a gel increases with an increment in the oxyethylene sequences in crown or podal substructures.
Because of the small cavity of 15-crown-5 and 18-crown-6, the gel phenomenon cannot be attributed to the threading through the crown cavity. The gelation of polymers bearing dipodal structures and previous experiments with model compounds support this idea. 5 Moreover, the polymerizations of methacrylates bearing 12-crown-4, 9 15-crown-5, 18-crown-6, benzo-12-crown-5, benzo-15-crown-5, and benzo-18-crown-6 10 give soluble polymethacrylates. Furthermore, the polymerization of a diamine monomer containing a benzo-15-crown-5 moiety with different diacid dichlorides and dianhydrides under low-temperature polymerization conditions leads to soluble aromatic polyamides and polyimides. 11 However, the threading through the crown cavity has been proposed for gelation in polymers with higher membered crown ether ring moieties. [12] [13] [14] In principle, the gel, or physical network, could be attributed to the threading of cyclic polyamides or oligoamides by segments of another polymer chain during polymerization to yield polyrotaxanes or polycatenanes.
As stated by Kricheldorf and coworkers, [15] [16] [17] [18] [19] [20] [21] the kinetically controlled step-growth polymerization tends to yield cyclic species as stable end products. On the basis of this, Gibson et al. 22 indicated the possible formation of polyrotaxanes, catenanes, and polycatenanes due to cyclization in the polymerization reaction. The highmembered ring cycles can first form branched polyamides that can finally progress to networks because of crosslinked catenate species. With the procedure described in a previous work, 5 soluble polymers were obtained by the reduction of the initial monomer concentration (initial diamine and diacid concentration) in the synthetic procedure. The common ratio in the Yamazaki method-diacid (10 mmol)/diamine (10 mmol)/LiCl (1.4 g)/pyridine (6 mL)/TPP (22 mmol)/NMP (20 mL)-was altered by an increase in the NMP content. Table 1 shows the initial diamine and diacid concentrations employed for the polymer synthesis for polyamides derived from C6 and P8 diacid monomers.
The use of an initial diamine and diacid concentration lower than 0.5 M has two effects. First, the cyclization is favored at the expense of chain growth, and the average molecular weight Initial diamine and diacid concentration [moles of diamine or diacid/volume of NMP (L)] in the polymerization reaction of the polyamides. The IDC for standard Yamazaki conditions is 0.5 M. The polymerizations were carried out with 10 mmol of diamine, 10 mmol of diacid, and 1.4 g of lithium chloride, which were dissolved in a mixture of 6 mL of pyridine, 22 mmol of TPP, and the proper quantity of NMP.
will decrease. Second, the reduction of the concentrations of all species and lower molecular weights reduce the probability of catenanization.
If the cyclic oligoamides are the species responsible for gel development through polycatenane formation, it is worth considering the influence of the ring size of the pendant crown ether on the tendency of the polyamides to cyclize. The trend of forming gels during polymerization is much higher in the polyamides derived from the benzo-18-crown-6 containing monomer than in those from the monomer bearing a benzo-15-crown-5 substructure. With respect to polyamides with benzo-12-crown-4 moieties, gel formation under standard Yamazaki conditions was not observed, and instead soluble, high-molecular-weight polyamides were obtained. 4 In relation to polymers with dipodal substructures, all those derived from P8 diacid gave gels under standard Yamazaki conditions, but gel formation was observed with only one of the polymers derived from P6 and with none of the ones derived from P4.
For the qualitative estimation of the influence of the polymer structure on the rate of cyclization (V cy ), eq 4 was proposed by Kricheldorf et al.:
where N fc and N uc are the number of chain conformations that favor cyclization and the number of chain conformations that are unfavorable for cyclization, respectively. If the trend to gelation is related to the cycle content, the increase in the lateral volume of the podal and crown moieties with the increment of the oxyethylene sequences and the interaction of the solvent with the oxyethylene sequences during polymerization could be responsible for an N fc /N uc ratio increment. 23 conformer is circular and has alternating up and down ether moieties with a cavity diameter of about 75 Å . Although many cyclic conformations can be proposed, most of them have cavities with radii that are big enough to allow threading.
As the Yamazaki method is not a clean reaction, 24, 25 catenanization via the crown ether rings could in principle not be the only reason for gelation; other side reactions could also be responsible for the crosslinking. This fact is discussed in a previous article 5 and has been disregarded because side reactions have not been detected in the synthesis of model compounds and because the crosslinking phenomenon is observed only in the polymerization of some monomers, whereas all of them have the same amide and ether linkages as functional groups. As the same functional groups are supposed to render similar reactions, it is improbable that an increasing number of ether groups in the lateral chain could lead to new side reactions.
Analyses of the Cyclic Forms
To get insight into the cyclic or acyclic polymer structure, MALDI-TOF mass spectra were obtained from P8MPD and C6MPD polymer samples of different inherent viscosities.
The mass spectra of both the P8MPD and C6MPD series show, as expected, [15] [16] [17] [18] [19] [20] [21] that cyclic forms are predominant and detectable up to approximately 6000 Da and up to a polymerization degree of 8. (Figs. 4 and 5) . P8MPD (Fig. 4) indicates almost exclusively cycles, but the C6MPD derivatives show two series of linear species (La and Lb in Fig. 5 ) in addition to the predominant cyclic forms.
In summary, the extracted soluble polyamides of different viscosities (C6MPD and P8MPD) show that in all samples cyclic forms are predominant up to a polymerization degree of 8. It was not possible to detect cycles with a higher polymerization degree. One reason may be technical limitations in the measurement or the involvement of higher cycles in the buildup of crosslinked rotaxanes or catenanes, whereas the lower cyclic forms lack the ability to thread onto polyamide chains. This idea may be extrapolated to other polyamides of polymer series 3 (see Scheme 3).
Thermal Properties
The thermal behavior of the polymers has been evaluated with DSC and TGA.
The glass-transition temperatures (T g 's) of the polymers derived from the C6 and P8 diacid monomers varied between 176 and 307 8C (Table 2) .
Comparing the T g values of the polymer series and families (Fig. 6 ) and considering the diacid residue of the polymeric structural unit, we have observed the following T g trends: increasing the pendant cycle size or the podal arms decreases T g , with T g of the crown polyamides being much higher than T g of the polymers with dipodal side groups. The increase in the number of oxyethylene sequences of the crown or podal moieties increases the interchain distances. Furthermore, the higher conformational mobility of higher ring-member cycles or longer dipodal arms increases the interaction of the ether groups with the amides. These two facts diminish the density of interchain amide-amide hydrogen bonds and thus the cohesive energy, lowering T g . The T g differences between crown polymers and polyamides with equivalent open-chain counterparts arise from the higher conformational mobility of the ether groups present in the podand moieties, which facilitates interactions with the amide groups because of hydrogen bonding. This in turn diminishes the density of the interchain amideamide hydrogen bonds, thereby lowering T g . Plasticization by the podal arms is also likely to contribute to a lower T g value. 26 The expected trend in the glass transition with the nature of the diamine has been observed.
In each polyamide series, T g decreases in the order of PPD > DDS > 6F > DDE, which agrees with previous studies. The T g 's of polyamides derived from MPD lie between the values for PPD and DDE. 4, 5, 27, 28 The thermal resistance, in terms of the initial decomposition temperature (T d ), was evaluated with TGA. The thermal stability under N 2 is fairly high, ranging from 390 to 415 8C for polymers derived from C6 and P8 diacid monomers (Table 2 ). For polyamides derived from C4, C5, P4, and P6, the T d values are also all close to 400 8C. The small differences in T d can be attributed to the fact that in all cases the decomposition starts with the thermal cleavage of the CÀ ÀC or CÀ ÀO bonds of the aliphatic oxyethylene sequences. 28 
Wide-Angle X-Ray Scattering (WAXS)
The crystallinity of the polyamides was evaluated with DSC and WAXS. No endothermic peak was observable with DSC, and an amorphous pattern was recorded with WAXS in all cases. Figure 7 shows the WAXS patterns of C6PPD and P8PPD, representative polymers of the crown and podal polyamide families, respectively. Thus, the family of polyisophthalamides reported here can be considered to be amorphous materials with good thermal resistance and very high T g 's.
The amorphous X-ray diffraction halo is related to the intermolecular interference. Thus, its position is dependent on the degree of packing of molecules in the amorphous phase: the smaller 
þþ ¼ soluble at room temperature; þ ¼ soluble on heating; þÀ ¼ partially soluble; À ¼ insoluble. Figure 6 . T g of two families of polyamides derived from diamines () DDS and (n) DDE.
the angle is, the higher the intermolecular distance is. 29 Figure 8 shows the X-ray diffraction patterns of C4PPD, C5PPD, and C6PPD. The increase in the number of ethylene oxide from 12-crown-4 to 18-crown-6 brings about a displacement of the amorphous halo to higher diffraction angles, which implies an incremental increase in the interchain polymer distance. Higher interchain distances mean a lower density of hydrogen bonds and so lower cohesive energy, and this agrees with the trends in T g .
The interchain distances do not follow the same trend as the polymers with dipodal moieties. The increment in the ethylene oxide units in the polymers with dipodal moieties does not lead to a higher mean chain-to-chain separation. Moreover, the highest overall chain-to-chain distance has been observed in the polymer P6 family. This fact may be explained by two opposing effects of the increasing number of oxyethylene sequences of the podal arms. On the one hand, the increased number of oxyethylenes results in higher lateral volume, which should increase the interchain distances. On the other hand, increasing the number of oxyethylene sequences brings about an increase in the number of ether groups and also in the overall conformational mobility of the side arms. The higher conformational mobility of the ether groups, together with the increase in the number of these groups, implies an increase in the density of ether-amide group interactions, which is likely to decrease the number of amide-amide hydrogen bonds and hence diminish the interchain interactions in the same way that the addition of water to the polyamides results in an increase in the density of the polymer-water system, even though the density of the dry polyamide is greater than 1 g/cm 3 . Interactions of the oxygen of the water molecules or of the ether groups break some of the interamide bonds, leading to better chain packaging and a decrease in the overall polymer volume. 30 Comparing the series of dipodal and crown moieties, we have observed the amorphous halo of the polymers with dipodal subunits at higher angles than the angle corresponding to the polyamides with crown ether residues (Fig. 7) ; this implies that the interchain distances are higher for the polymers bearing crown moieties. The higher conformational mobility of the two podal arms compared with the cycle structure of the crown ethers contributes to the decrease in the interchain distances.
SEM
Studies of membranes of polymer C6PPD with SEM ( Fig. 9 ) suggest a fairly compact surface morphology, in agreement with the low porosity discussed in the next section. There were indications of phase separation (jellyfish-like structures), although it should be stressed that this did not occur throughout the whole analyzed surface. The phase separation could be attributed to the evaporation of a polymer solution containing a low percentage of semisoluble, highly swollen, threaded polyamide cycles. However, the fact that this kind of morphology is also seen in the electron micrographs of membranes of 15-crown-5 ether methacrylic could mean that it is a characteristic of crown polymers. This will be discussed in more detail in a future publication.
Transport Studies
The polyamide derivatives presented in this work are characterized by a limited number of polar groups in their chains. The study of acid transport through membranes of these polymers, through the diffusion coefficients, will provide information on the effect of the number of polar groups on the transport mechanism. In addition, these measurements provide details via the permeability coefficients on the degree of compaction of the polymeric structure in membranes. Generally, with steady-state transport processes through membranes, there is a time lag associated with the dissolution of the permeant species to a constant level before a steady state is achieved. In addition, an increase in the induction period will be found with an increase in the interaction between the permeant species and the polymeric structure. 31 The effect of the crown and size on the transport of HCl (250 mM) was studied. The calculated transport property values are presented in Table 3 . The increase in the crown size results in an increase in both the permeability and diffusion coefficients. This shows that a possible interpretation of the effects on the diffusion and permeability coefficients may be made on the basis of the free volume concept. 32 With increasing crown ether size, the distance between the polymeric chains will increase, and consequently, the permeation will tend to increase, whereas at the same time the ability to bind and to find hydrogen ions will decrease: This can be measured by a decrease in the time lag. This results from the increase in both the crown size and the free space between polymeric chains, that is, the increase in the overall free volume. In addition, the results suggest that the increase in the crown size will increase the plasticizing effect on the polymer structure, in close agreement with DSC results.
The transport of HCl through dipodal-containing polyamides shows that the presence of an increasing number of ether groups leads both to an extension in the time lag and to changes in the final steady-state permeation. This increase of both the steady-state permeation and time lag may imply strong interactions between the permeant molecule and polymer. 33 As previously pointed out, the increase in the number of oxyethylene groups will increase the conformational mobility of these groups, facilitating the interaction of these groups with amide moieties and thus increasing the polymeric compaction, as indicated by the X-ray diffraction results. However, the permeation results show that HCl plays an important role in these interactions. With an increase in the podand structure, the number of ether groups available for interaction with HCl also increases, and this leads to an increase in the time necessary to reach the steady state; this is supported by dielectric measurements upon polyamide membranes, just below T g . Under these conditions, a current is observed, probably due to the hydrogen bonds between amide groups, which can lead to proton hopping by oscillations from a nitrogen atom of an amide group to an oxygen atom of a neighboring one. This may justify the increase in the permeability coefficient with an increasing in the number of oxyethylene groups in the presence of HCl.
34-36
Solubility
The solubilities of the polymers derived from C6 and P8 are presented in Table 2 . All the polymers derived from C4, C5, C6, P4, P6, and P8 monomers are soluble in aprotic, polar solvents, and most of them are in protic cresol. 4, 5 The pendant alicyclic or acyclic oligo(ethylene oxide) structure controls the solubility of all the polyamides, and the influence of the diamine residue on this property is small. Thus, the solubility differences between them can be considered to be negligible.
The enhanced solubility compared with that of fully aromatic polyamides allows the ready processability of these polymers for transformation through casting into films, membranes, or coatings or through solution spinning into spun fibers and so forth.
Mechanical Properties
All the polyamides showed good film-forming ability, and this makes them suitable for testing as fixed-site carrier membranes for cation separation, ion-selective membranes, selective solidliquid extraction of cations, and other technological applications.
The tensile strength and Young's modulus of the polyamides derived from the C6 and P8 diacid monomers (Table 4) ranged from 48 to 75 MPa and from 1.7 to 2.9 GPa, respectively. The mechanical properties of the polyamides derived from the C4, C5, P6, and P8 diacid monomers are similar to those of the polymers derived from C6 and P8 and vary between 48 and 103 MPa (Young modulus) and 1.7 and 3.3 GPa (tensile strength). 4, 5 The mechanical properties of these polyamides can be considered to be acceptable for nonoriented films made through casting on a laboratory scale without a postthermal treatment. The results are also comparable to values reported earlier for other aromatic polyamides.
37-39
Water Absorption
Aromatic polyamides are polymers with polar amide groups that absorb water mainly through the interactions with these groups. The water uptake of polyamides greatly influences the polyamide properties and conditions the final application of these high-performance materials, particularly because the absorbed water diminishes T g and influences the mechanical, electrical, and dielectric properties.
The polyamides described here have three amide groups per structural unit, in addition to different sequences of oxyethylene units. Both amide and ether moieties are polar groups that will influence the water uptake through hydrogen-bonding interactions with water. Thus, the percentage of water uptake of our polyamides is determined by two opposing factors: (1) the number of polar groups per structural unit increases the uptake, and (2) the presence of larger oxyethylene sequences increases the number of ether groups and also the conformational mobility of these groups, facilitating their interaction with the amide moieties and thus reducing the percentage of available polar amide groups to interact with water, diminishing the overall water uptake. 39, 40 The isothermal sorption of water at 65% relative humidity was measured, and the values were related to the polyamide structure. Table 4 shows the data obtained as the water absorption percentage for polyamides derived from the diacids C6 and P8. The table shows the molecules of water per structural unit and molecules of water per amide group. The moisture absorption of polyamides is between 5.3 and 10.7%, and the water uptake per structural unit is between 2.5 and 3.7
Although there is an increase in the number of ether groups from C4-derived polyamides to C5-and C6-derived polyamides, in terms of molecules of water per structural unit, the water uptake is similar in the series. This means that the extra hypothetical water uptake of the additional ether groups is counteracted by the interaction of these ether groups with the amide linkages. This is also observed in the podal family. In terms of the water uptake percentage, the increase in the molecular weight of the structural unit with the increment in oxyethylene sequences in the pendant structure leads to a lower percentage of absorption.
